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Abstract 
 Semiconductor photocatalyst have been of interest due to its robust nature, non-
selectivity, low toxicity, and high tunability. Its various applications such as water 
splitting, water purification, anti-microbial, etc make this a desirable class of material to 
explore. However, there are defects in semiconductors that may impact the rate of 
photocatalysis. This study aims to illuminate the role of defects in photocatalysis. 
 For this study, the defect nature of γ- Ga2O3 was manipulated by doping the 
crystal structure with indium acetylacetonate (In(acac)3) or zinc nitrate (Zn(NO3)2) 
during colloidal synthesis in oleylamine. The electronic structure was analyzed to 
determine the correlation with photocatalysis using rhodamine-590 (Rh-590) as a model 
reactant. These results demonstrate that dopants would decrease the wide band gap of 
γ- Ga2O3 but maintain the defect spinel structure up to 15%. However, different dopants 
impact defects differently, which was reflected in photoluminescence (PL) emission 
spectra and the fast regime in time-resolved PL measurements. PL emission was 
derived from the recombination of the donor and acceptor pairs (DAP). Doping with 
In3+ has a maximum PL red shift of 24 nm, while doping with Zn2+ has a maximum PL 
red shift of 9 nm. This red shift indicates an increase in DAP distance and/or a decrease 
in defect concentration. Time resolved PL measurements using a TCSPC method with a 
200 ns measurement range demonstrates that doping with 15% indium would decrease 
the average lifetime (LT) from 11.0 ± 0.3 ns to 3.4 ± 0.4 ns, while doping with 15% zinc 
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would increase the LT to 15.1 ± 0.4 ns. Therefore, there was a positive correlation 
between the average LT and the rate constant derived from photocatalysis with a 
critical value ca. 8 ns where the apparent rate constant was not impacted from further 
increasing LT. 
 In conclusion, there is a potential to manipulate the electronic structure using 
dopants to impact photocatalysis. In addition, synthesis of Ga2-xMxO3 (M=In3+ or Zn2+) 
was successfully synthesized using a colloidal synthesis method. A relationship can also 
be developed between the average LT calculated from time-resolved PL and the 
apparent rate constant from the photocatalytic degradation of a model reactant.  
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Chapter 1.0: Introduction 
1.1: Introduction to Semiconductors and Transparent Conducting Oxides 
 A semiconductor is a class of material that exhibits partial conductive properties, 
between that of a metal with high conductivity, and insulator with no conductivity.1,2 
This arises from the separation of energy levels situated between >0eV to <5eV. Due to 
its unique properties, it is an essential component for electronic circuits. 
 Semiconductor materials can be intrinsic or extrinsic as shown in Figure 1.1. 
Typically intrinsic semiconductors are pure semiconductors with no dopant/impurity 
while extrinsic semiconductors are doped and exhibit p- or n-type characteristics.1 
When the semiconductor is doped with an element that has more valence electron(s) 
than its host, it would produce an n-type semiconductor.1 The conduction band (CB) 
would be partially filled, and considered to be negatively charged with an increase in 
donors.1 Conversely, p-type semiconductors are doped with an element with less 
valence electron(s) than its host, producing holes in the lattice. Thus, the valence band 
(VB) would be partially empty and considered positively charged with an increase in 
acceptors. Due to the holes or electron in n- or p-type semiconductors respectively, the 
electrons or holes can have greater mobility, increasing conductivity. 
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 Another type of semiconductor generating interest are those with a wide band 
gap (>3eV), enabling transparency in the visible region.3–5 These are called transparent 
conducting oxides (TCO) and display quantum and classical phenomena.3 These 
materials are valuable due to the ability to manipulate the conductivity, high stability, 
and absorption in the infrared region. The most commonly known TCO is indium tin 
oxide (ITO) used in electronic displays, photovoltaics, smart windows, etc.4 
Conductivity can be manipulated by modifying the concentration of tin in the indium 
oxide lattice. An increase in conductivity however, would decrease the transparency 
which may hinder some applications. Majority of naturally occurring TCOs are n-type 
semiconductors.  
 
 
Figure 1.1: Energy level occupation of a) p- , b) intrinsic, and c) n-type semiconductors. 
Black indicated filled energy levels and white indicate unfilled. 
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1.2: Photocatalysis 
 
 Photocatalysis is defined as the harness of light to speed up or activate a given 
reaction.6 This can be viewed as a type of artificial photosynthesis. It is often used for 
organic compound removal (phenols, dyes, toluene, pharmaceuticals, bacteria, etc), 
sterilization, heat transfer/dissipation, or water splitting.6–11 This is often implemented 
as a heterogeneous photocatalysis as homogenous photocatalysis imposes the issue of 
catalyst removal. The most common heterogeneous photocatalyst are semiconductors 
due to low toxicity, recyclability, low cost, and tunability. 12 This is classified as a type of 
advance oxidation process (AOP). For efficient photocatalysis, 5 processes must occur; 1) 
diffusion from solution to surface of the catalyst, 2) adsorption to surface of the catalyst, 
3) reaction on surface of the catalyst, 4) desorption on surface of catalyst, and 5) 
diffusion away from surface of the catalyst. 13 
 If one of those processes does not occur, efficient photocatalysis would fail. The 
reaction for process 3) undergoes a redox reaction from the photogenerated electrons 
and holes. Generation of the electrons and holes occurs upon absorption of a photon 
with an energy equal to or greater than the band gap of the semiconductor,  an electron 
can be excited into the conduction band while leaving a hole in the valence band.6,7,14 
Following that, the photogenerated electrons would reduce surface bound ligands, such 
as oxygen to produce superoxide radicals (eq 1).6,7,13 The holes would oxidize surface 
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bound ligands, such as water to produce hydroxyl radicals (eq 2).7 These radicals can 
then react with other adsorbed species to degrade them and/or produce more radicals 
(eq 4).  
𝑒− +  𝑂2 →∙ 𝑂2
−  (1) 
ℎ+ +  𝑂𝐻− →∙ 𝑂𝐻  (2) 
ℎ+ +  𝐻2𝑂 → ∙ 𝑂𝐻 + 𝐻
+  (3) 
∙ 𝑂𝐻 + 𝑜𝑟𝑔 → 𝐻2𝑂 +∙ 𝑂𝑟𝑔 → 𝐶𝑂2 + 𝐻2𝑂 + ⋯  (4) 
 
 Fujishima et al. (2008) states for efficient photocatalysis, oxidation and reduction 
must occur at similar rates to be considered a catalyst.6 If it were not balanced, the 
catalyst would be quenched where recovery of the catalyst would not occur and thus 
cannot be used for multiple cycles rendering it nil.6 However, some scavenger studies 
have been conducted that demonstrates this may not always be the case as some species 
are more favourable than others for photocatalysis. Further studies need to be 
conducted to properly understand the process.  
 The photogenerated electrons and/or holes may also reduce and/or oxidize the 
surface bound species depending on the redox potential of the surface bound species 
relative to the location of the VB and CB of the semiconductor and the binding strength 
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on the surface.7 In other words, the optical band gap of the semiconductor must 
encompass the redox potentials for redox to occur.15 
 Currently, there has been research conducted on semiconductors such as TiO2, 
ZnO, Fe2O3, CdS and SnO2 for photocatalysis. These materials are environmentally 
benign, stable, and have high activity. These materials are also non-selective towards 
the reactive species, thus making it an eligible option for water treatment.15 Currently, 
TiO2 has been studied extensively; however TiO2 is only able to degrade low to medium 
concentrations of contaminants because of its low efficiency and limited flux.6 Therefore 
other materials have been studied to determine the mechanism and methods to increase 
efficiency.  
 
Figure 1.2: REDOX reactions on surface of catalyst during exposure to light.  
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 Efficiency of photocatalysis can fail by having a modest surface area.16 Lower 
surface area indicates a lower concentration of binding sites on the surface. Therefore, 
more surface area indicates more binding site, and a higher rate of photocatalyis. 
Recombination of electrons and holes is another way the efficiency of photocatalysis can 
be reduced. The electrons and holes may recombine thus reducing the probability of 
interfacial charge transfer for photocatalysis. Thus, recombination is a competing 
process for photocatalysis. For efficient photocatalysis, the rate of recombination needs 
to be mitigated to favour photocatalysis. Efficient charge separation distance may 
diminish recombination and thus improve photocatalysis. Charge separation can be 
implemented in a variety of ways such as introduction of a phase junction.13 This can 
either be a heterojunction or homojunction. There are three different types of junctions 
that can be formed, type I, type II, and type III illustrated in Figure 1.3.17 Typically, type 
II band alignment is favoured as one phase would facilitate electrons, while the other 
for holes providing sufficient charge separation.18 However, type I may be adequate as 
some studies found formation of a type I junction increased activity versus the catalyst 
alone.19 Moreover, type III may not provide charge separation since it may not 
efficiently facilitate separation of the charges since the band alignment may not allow 
this. Furthermore, defects may impact interfacial charge r transfer. One such theory 
indicates that deep defects would aid recombination, while surface defects would aid 
photocatalysis.15,20–22 Deep defects would act as recombination centres, thus reducing 
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photoctalysis. However, surface defects act as traps for interfacial charge transfer to 
reactive species. Therefore, surface defects should be maximized, while deep defects 
should be minimized. However, a lot of defect structure is not well understood for 
photocatalysis.  
 
1.3: Ga2O3 
 Gallium oxide is a group IIIA TCO that has been generating interest due to its 
high stability, and defective lattice. This material is a natural n-type semiconductor with 
5 known polymorphs (α, β, γ, δ, and ε) and a wide band gap (~4.9eV).23 The most stable 
polymorph is the β-phase which has a monoclinic crystal structure shown in Figure 
1.4(a). When all other polymorphs are heat treated to a critical temperature, the lattice 
would transform to the β-phase.24 Of particular interest is γ-phase Ga2O3 with the 
 
Figure 1.3: Different band alignments of phase junctions. Different colours denote 
different band structures. Arrows demonstrate the direction of electron and hole 
movement. A) Type I, (b) type II, (c) type III. 
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crystal structure shown in Figure 1.4(b). This phase consist of a defect spinel structure, 
similar to γ-Al2O3, and contains oxygen vacancies and gallium-oxygen vacancies. In this 
structure, gallium can occupy both the tetrahedral site and the octahedral site. Since the 
band gap is large, the photoadsorption range is limited to the UV-region of the 
electromagnetic spectrum. However, depending on the application this may be a 
desirable trait as it would be transparent in the visible region.   
   
 There is limited data pertaining to Ga2O3 and its photocatalytic ability in 
literature. One such paper, Wang et al. (2012), observed the activity of α-β phase 
junction for water splitting.25 They concluded that a phase junction improves 
photocatalytic ability over the individual polymorphs. However, when Jin et al. (2015) 
 
Figure 1.4: Crystal structure of Ga2O3 (a) β-phase (b) γ -phase. Green spheres represent 
gallium ions and red spheres represent oxygen ions. Circled are the two different 
coordinations. 
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analyzed γ-β phase junction for water splitting, they observed the opposite trend when 
a junction was formed.26 Instead of improving their activity, the phase junction 
decreased their activity relative to the individual polymorphs, a 10% and 90% decrease 
in activity relative to β- and γ-phase respectively.26 In addition, they discovered that the 
γ-phase had a lower activity than the β-phase. The reasoning can be attributed to higher 
crystallinity of the α-β phase junction compared to the γ-β enabling efficient charge 
separation.26  Therefore, the low activity can be attributed to lower crystallinity, and 
these defects can act as recombination centres. Furthermore, the band alignment was 
type I for the γ-β while it was type II for α-β further improving charge separation. 
However, the conclusion may not be that simple since there are controversial data 
present. A study done by Ghodsi et al (2017) on γ-Ga2O3 indicates that γ-phase has a 
greater activity than β-phase.24 This can be attributed to the electronic structure, location 
and concentration of defects that can modify the degradation rate that Wang et al. (2012) 
and Jin et al. (2015) had not considered. Therefore, there is limited information about 
the role of defects on the rate of photocatalysis for a broad range of systems. To further 
explore the effect of defects on photocatalysis, the host system can be doped with metal 
ion(s).  
1.4: In2O3 
 Indium oxide is a group IIIA TCO with a band gap of ~3.0 eV and consists of two 
different crystal structures, cubic and metastable rhombohedral with octahedral 
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coordination shown in Figure 1.5.27 For the colloidal synthesis method, rhombohedral 
has a corundum structure, and exists at low synthesis temperatures while cubic indium 
oxide has a bixbyite type structure and can exist at high temperatures.28  
 Indium oxide does not exhibit any significant photocatalysis from previous 
studies. It is believed that this can be attributed to the location of the band gap with 
respect to the redox potentials of hydroxyl radical formation.30 The conduction band of 
In2O3 is below the reduction potential for hydrogen, thus only oxidation would occur 
resulting in an excess of photogenerated electrons.31 Therefore, photocatalysis will not 
occur unless the CB minimum is increased to ensure reduction is occurring. This can be 
 
Figure 1.5: Crystal structure of In2O3. 29 (a) cubic (b) rhombohedral. Light blue spheres 
represent indium with a octahedral coordination. Dark blue represent indium with a 
trigonal prismatic coordination. Red spheres represent oxygen.  
11 
 
done by doping, such as with tin to produce indium tin oxide (ITO). For example, 
Kumar et al (2011) produced ITO films with a band gap ca. 3.5 eV for photocatalysis.32 
This band gap is greater than In2O3, and will absorb at lower wavelengths. Kumar et al 
(2011) demonstrated that there was rate constant of 0.000192 min-1 for commercial ITO, 
and a maximum of 0.0006 min-1 for the thin films towards degradation of rhodamine-B 
dye when exposed to 254 nm light.32 Therefore, they were able to demonstrate 
photocatalytic activity by manipulating the band gap. 
1.5: ZnO 
 Zinc oxide is a group IIB n-type TCO with a direct band gap of ~3.3 eV.33–35  It has 
the wurtzite or zinc blende crystal structure with tetrahedral coordination shown in 
  
Figure 1.6: Crystal structure of zinc oxide with (a) zinc blende (b) wurtzite. Black spheres 
represent oxygen. Grey spheres represent zinc. 8 
12 
 
Figure 1.6.8,33 This material has been studied extensively for photocatalysis with 
promising results.  
 For example, Daneshvar (2004) reviewed ZnO as an alternative to TiO2.36 In this 
study, they used acid red 14 as the model reactant and determine the rate constant to be 
0.0548 min-1.36 There is also the ability to tune the light absorption of the material to the 
visible region. This is favourable as majority of the solar energy is in the visible region. 
Tuning of the absorption can be done by modifying the band gap towards lower 
energies. Another method is to create a junction, where a certain species can absorb in 
the visible region. This would also produce efficient charge separation. For example, 
Wang et al (2017) looked at ZnO-SnS p-n junctions for photocatalysis.19 They observe a 
10 times increase in photocatalytic activity from pure ZnO and 2 times greater than SnS 
with a formation of a junction.19 They attribute this increase in activity towards efficient 
charge separation towards the type I band alignment of the heterojunction.19 Another 
method similar to phase junction is to have surface complexes that will absorb in the 
visible region and transfer energy to the ZnO. This species will not undergo 
photoexcitation, which means that it does not have to be a semiconductor.37 Therefore, 
polymers, dyes, metals, cocatalysts, etc, can be fixed on the surface to act as visible light 
absorbers.30,37,38 This broadens the scope of the material, but has its limitations. 
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1.6: Doping Semiconductors 
 Doping semiconductors can influence magnetic, luminescent, physical, optical, 
and/or electronic properties.39,40 These properties can be tailored for various applications 
such as lasers, bioimaging, optical gain devices, electroluminescence devices, solar cells, 
etc. Resulting doping can produce n- or p- type semiconductors as previously discussed. 
Often colloidal synthesis of doped semiconductors optimizes dopant incorporation. 
However, there are thermodynamic and kinetic factors that affect efficiency of dopant 
incorporation during nucleation.  
 First, the thermodynamic factors would impact the efficiency of doping through 
diffusion of the dopant to the surface demonstrated in Figure 1.7(a).40,41 This occurs 
 
Figure 1.7: Demonstration of different mechanisms that occur during doping. A) self-
purification of the dopant (blue sphere) from the bulk (red sphere). B) Trapping of the 
dopant (blue sphere) using surfactants (green lines) incorporated into the bulk (red sphere). 
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through a self-purification mechanism where the dopant is expelled to the surface and 
Gibb’s free energy is minimized. However, this often occurs at high temperatures, such 
as 1000 °C, while a majority of colloidal synthesis occurs at 350 °C or less. In addition, 
this is based off the assumption that the nanocrystals (NC) and the surrounding 
environment is in thermodynamic equilibrium.  
 Secondly, kinetics factors would impact doping by varying activation barriers if 
there is no thermodynamic equilibrium. The dopant must initially remain trapped on 
the surface to prevent diffusion and bulk material will surround the dopant to 
incorporate the dopant into the structure. For example, surfactants may trap the 
dopants and be incorporated during nucleation without self-purification as shown in 
Figure 1.7 (b).  
 Efficient incorporation of a dopant would mitigate self-purification and ensure 
that dopants would become incorporated during nucleation. Doping metal and 
transition metals into semiconductors would impact the band structure. Typically, 
doping of semiconductors can produce n- or p-type as previously discussed, where n-
type may induce a donor band below the CB minimum while p-type may increase 
acceptor bands above the VB maximum. However, new band structures may be formed 
that are not within the band gap.15,42–44  Furthermore, doping may also impact the optical 
band gap. The band gap would be modified depending on the location of the CB and 
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VB of the two oxides.15,31 For instance, if a TCO with a large band gap were to be doped 
with a TCO with a smaller band gap then the band gap of the alloy would be an 
average of the two. Therefore, formation of new band structures and/or modification of 
band gap would occur during doping.  
1.7: Motivations and Scope of the Thesis 
 γ- Ga2O3 makes an excellent model system to manipulate and study the impact of 
defects on photocatalysis since this structure has a high concentration of defects, 
stability, effective redox potential from the wide band gap, and high photocatalytic 
ability. This study could give better insight on factors that may impact photocatalysis 
and how to monitor the differences.  
 For this project, the focus was to determine the relationships between defects and 
electronic band structure to the apparent rate constant of photocatalysis. γ - Ga2O3 was 
doped with In3+ or Zn2+ to modify the band structure using a known colloidal synthesis 
method. Different doping ion concentrations were used where the crystal structure 
remains defect spinel. The product was annealed to remove any surface bound ligands, 
and analyzed using x-ray diffraction patterns to monitor the crystal structure. The band 
structure would be monitored using UV-Vis absorption and PL emission. Time-
resolved PL was also impacted, either shortening or lengthening the lifetime depending 
on the dopant. Lastly, photocatalytic degradation using rhodamine-590 (Rh-590) as the 
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model reactant was also done on all samples to correlate the photocatalysis to the band 
structure and defects.    
 Ultimately, utilizing γ-Ga2O3 as a model system, a relationship between PL or 
time-resolved PL and relative efficiency of photocatalysis may be established. In 
addition, this study may highlight the relationships between defects and photocatalysis 
for this system. Lastly, doping may be a method to engineer varying lifetimes and 
apparent rate constant for photocatalysis.  
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Chapter 2.0: Experimental methods 
2.1: Materials 
 All materials were used as is by the manufacturer. No further purification was 
performed. Indium acetylacetonate (In(acac)3, 98%), gallium acetylacetonate (Ga(acac)3, 
98%) was purchased from STREM Chemicals. Oleylamine (70%) and zinc nitrate 
hexahydrate (Zn(NO3)2*6H2O, 98%) was purchased from Sigma Aldrich. Methanol (99%) 
was purchased from Fisher scientific. 
2.2: Synthesis 
2.2.1: Synthesis of Ga2O3 
 Synthesis of γ-Ga2O3 has been previously reported and followed with small 
modifications.23 2 g of Ga(acetylacetonate)3 and 20 mL of oleylamine is combined in a 
100 mL round bottom flask. The flask was fitted with a condenser, and heated to the 
desired synthesis temperature under an argon atmosphere. Once the desired 
temperature was reach, the solution remained at that temperature for 1 hour. After the 
hour, the flask was cooled to room temperature for further purification. Once cooled, 
the solution was precipitated with methanol and centrifuged to retrieve the pellet. The 
precipitate was rinsed 3 more times with methanol to remove any surface bound 
oleylamine. A small amount of the NC was dissolved in hexane for UV-Vis absorption 
measurements, while the remaining aliquot was dried overnight on a watch glass. The 
18 
 
dried sample was then ground into a powder, and annealed in a preheated furnace 
(Vulcan A-130) at 400 °C for 2 hours. 
2.2.2: Synthesis of Indium or Zinc doped Ga2O3 
 Synthesis of doped Ga2O3 has been previously reported for indium, these 
methods were followed with some modifications with indium or zinc as the dopant.45 
Doped Ga2O3 was synthesized by stochiometric additions of In(acetylacetonate)3 or 
Zn(NO3)26H2O with 2g of Ga(acetylacetonate)3 in a 100 mL three neck round bottom 
flask. 20 g of oleylamine was added as solvent and the flask was fitted with a condenser. 
The flask was heated to the desired synthesis temperature under a flow of argon while 
stirred with a magnetic stir bar. Once the desired synthesis temperature was reached, 
the flask remained at that temperature for 1 hour. After that hour, the flask was cooled 
to room temperature. Once cooled, the particles were precipitated with methanol and 
centrifuged to collect the pellet. The precipitate was further rinsed with methanol three 
more times. A small portion of the particles were dispersed in hexane for UV-Vis 
absorption measurement and the remaining portion was dried using acetone overnight 
in a watch glass. The dried sample was then annealed in a preheated furnace (Vulcan A-
130) at 400 °C for 2 hours. 
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2.3: Characterization 
2.3.1: XRD 
 X-ray diffraction (XRD) was collected for all powder samples on an INEL 
powder diffractometer equipped with a position-sensitive detector using a 
monochrome Cu-Kα radiation (λ = 1.540598 Å). Each sample was ground into a fine 
powder, and collected on an aluminum sample holder for 10 mins. This instrument 
belongs to Dr. Holger Kleinke from the University of Waterloo. 
2.3.2: UV-Vis abs 
 UV-Vis absorption spectra were done on a Varian Cary 5000 UV-vis-NIR 
spectrophotometer at room temperature with data collected from 200-800 nm. Samples 
were prepared in hexane as previously outline in synthesis methods. 
2.3.3: Transmission Electron Microscopy (TEM) 
 Transmission electron microscopy (TEM) imaging were done on a JOEL-2010F 
microscope operating at 200 kV from the Canadian centre for Electron Microscopy 
(CCEM) at McMaster University. Samples were prepared by dropping a suspension of 
NCs in ethanol onto a copper grid containing lacey Formvar/carbon support film (Ted 
Pella, Inc). 
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2.3.4: BET Surface area 
 BET surface area measurements were done on a Quantachrome Autosorb 
instrument. All samples were heated to 200 °C with nitrogen as the carrier gas. 
2.3.5: Scanning Electron Microscopy (SEM) 
 Scanning electron microscopy (SEM) with an energy dispersive xray 
spectroscopy (EDX) were done on LEO 1530 field-emission SEM equipped with Zeiss 
GeminiSEM. Samples were prepared by adhering to a holder using double sided carbon 
tape.   
2.3.6: Photoluminescence 
 Photoluminescence spectra were done at room temperature on a Varian Cary 
Eclipse fluorescence spectrometer.  Samples were prepared by adhering powder 
catalyst to a glass microscope slide using double sided tape. Samples were excited at 
285 nm with excitation and emission slits set to 5 nm. 250-395 nm excitation filters and 
360-1110 nm emission filters were used during data collection. 
2.3.7: Time Resolved PL 
 Time resolved PL data observes the rate of the DAP emission over a time scale. 
There can be multiple methods to determine this. In this instance, time resolved PL is 
done using Time correlated Single Photon Counting (TCSPC). The sample is excited at a 
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specific wavelength, and a single emission wavelength is observed. Over time, the 
intensity of the peak would decrease. The amount of time it takes for total decay of the 
signal can be calculated, and is considered the average lifetime 
 Time resolved PL data were done using Time Correlated Single Photon Counting 
(TCSPC) on the Horiba Jobin Yvon IBH Ltd. The samples were irradiated with a 250 nm 
nanoLED (IBH Ltd.) and the corresponding excitation band maxima was recorded 
perpendicular to the excitation source. The TCSPC data was collected using a 13 μs 
measurement range and the decay data was fitted to a biexponential after ~4 points to 
remove influence from the pulse. The TCSPC data was also collected using a 200 ns 
measurement range with a 25 kHz repetition rate and fitted to a triexponential function. 
2.4: Photocatalysis 
2.4.1: Photocatalysis 
 5 mg of catalyst was added to 50 mL of 5 mg/L rhodamine-590 (Rh-590) dye in a 
100 mL beaker. The flask was situated ~20 cm under two 40 W 254 nm lamp. The 
solution was allowed to stir for 30 mins in the dark to ensure an adsorption-desorption 
equilibrium. After that the solution was exposed to the lamp, where UV-Vis absorption 
measurements were taken every 10 mins until the Rh-590 peak maximum (520 nm) 
decreases to zero. 
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2.4.2: Recycling 
 Recycling was done by following the previously outlined photocatalysis steps. 
Then the particles were allowed to settle to the bottom of the flask, taking 
approximately 2 hours. A 2 mL aliquot was removed from the flask and 2 mL of 12 
5mg/L Rh-590 dye was added to the flask to make 5 mg/L solution. The solution was 
then allowed to stir for 30 mins in dark for adsorption-desorption equilibrium. Then 
photocatalysis was followed as previously outlined. 
2.4.3: Scavenger 
 Scavenger experiments were done by addition of a scavenger (FeCl3, ascorbic 
acid, iPro-OH, MeOH) to the solution after 30 mins adsorption-desorption equilibrium 
to make a 10 mM solution. Then photocatalysis was followed as previously outlined. 
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Chapter 3.0: Doped γ-Ga2O3 
3.1: Indium Doping 
 3.1.1: Characterization 
 Xray diffraction patterns were collected for as synthesized and annealed samples 
to ensure that the crystal structure remain consistent with doping. Samples were 
annealed to remove any surface bound organic ligands such as oleylamine that may 
occupy the binding sites. In Figure 3.1(a), the as synthesized Ga2O3 (black coloured trace) 
matches well with bulk γ-Ga2O3 (orange coloured trace, JCPDS 20-0426). With addition 
of 5% indium as a substitutional dopant, the peaks broaden and decrease in intensity 
(red trace), but the peak position does not shift. With further increase in indium doping 
 
Figure 3.1: XRD pattern of Ga2-xInxO3 with concentration of In3+ indicated on graph a) as 
synthesized at 200 °C b) annealed at 400 °C.  Light blue ticks are cubic-In2O3 (JCPDS 06-
0416), orange ticks are bulk γ-Ga2O3 (JCPDS 20-0426), and purple ticks are rh-In2O3 
(JCPDS 22-0336). 
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concentration, 10% and 15%, the γ–Ga2O3 peaks further broaden and decrease in 
intensity (blue trace and pink trace respectively). This is in good agreement with 
literature.45 Therefore, the XRD pattern indicates that the particle size decreases with 
increasing indium doping concentration, or there is a decrease in crystallinity with 
increased doping concentration. The ionic radius of In3+ (0.080 nm) is much larger than 
that of Ga3+ (0.062 nm), therefore the incorporation of indium into the lattice may 
expand and increase strain.46,47 Thus, the particle size is unlikely to decrease with 
increasing indium incorporation but rather a decrease in crystallinity with increased 
indium doping due to the difference in ionic radius of the dopant ion.  
 
Figure 3.2: (a) Overview TEM image of Ga1.8In0.2O3 (10 % In3+) NCs. (b) High-resolution 
TEM image of NCs in (a), indicating the lattice spacing corresponding to γ -Ga2O3 
structure. 
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 The incorporation of indium does not produce discernable In2O3 peaks (light 
blue or purple ticks, rhombohedral or cubic respectively), until addition of indium 
doping concentration at 25% where there are distinct cubic In2O3 peaks present. 
Therefore, only 0-15% indium doping concentration was explored to eliminate any 
potential contribution from a heterojunction or secondary structure(s). The XRD 
patterns do not change after annealing in Figure 3.1 (b), indicating that the crystal 
structure is persevered.  
 TEM imagines were collected to measure the lattice fringes. As demonstrated in 
Figure 3.2 (a), samples aggregate into clusters after annealing, this occurs consistently in 
all samples with varying In3+ concentrations. The average lattice spacing was also 
measured and shown in Figure 3.2 (b). The d-spacing was measured to be 2.90 Å and 
2.48 Å which corresponds to the (220) and (311) plane respectively which matches well 
with bulk γ - Ga2O3 values. In addition, energy-dispersive x-ray (EDX) spectroscopy 
was performed on 5%, 10%, and 15% nominal In3+ doping concentration to determine 
the final doping concentration. The values are listed in Table 1. The final doping 
concentrations are slightly higher than nominal concentrations, 6.7±1.1%, 10.9±2.2%, 
and 16.8±1.1% for 5%, 10%, and 15% respectively. Although the final concentrations are 
slightly higher than starting concentrations, the values are within a reasonable range. In 
addition, this indicates that doping indium using the previously outlined colloidal 
synthesis method was efficient.  
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 Brunauer–Emmett–Teller (BET) specific surface area measurements were also 
completed on annealed Ga2-xInxO3 to monitor any changes in surface area with addition 
of In3+ doping concentration. The values for the specific surface area are summarized in 
Table 1. Pure γ–Ga2O3 has a relatively high surface area of 228.5 m2/g and does not 
change significantly with indium doping concentration until 15%. 15% indium doping 
concentration shows a significant drop in surface area, nearly half the value of lower 
doping concentrations. Conversely, surface area does not change significantly for 300 °C 
synthesized sample regardless of the doping concentration (appendix, Table A1). 
Therefore, doping with indium likely does not impact surface area, and is not the only 
determining factor in impacting rate constants for photocatalysis.  
Table 1: Summary of final concentration of In3+ in the lattice from EDX and specific surface 
area of Ga2-xInxO3 from BET measurements 
Nominal doping 
concentration (%) 
Final concentration (%) Specific surface area 
(m2/g) 
0 X 228.5 
5 6.7 ± 1.1 243.2 
10 10.9 ± 2.2 252.9 
15 16.8 ± 1.1 110.1 
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 UV-Vis absorption measurements were collected to monitor the absorption and 
to calculate the approximate optical band gap using a tauc plot and presented in Figure 
3.3. The absorption red shifts slightly with addition of indium indicating that the band 
gap energy has shifted to lower energies. This shift is in good agreement with a 
previous study, however the magnitude of the shift is minimal, and would not have a 
significant impact on the absorption of the 254 nm light.45 Therefore, absorption of the 
254 nm light would be consistent across all samples.  
 
Figure 3.3: Ga2-xInxO3 (concentration of In3+ indicated on graph) synthesized at 200 °C and 
dispersed in hexane for a) Absorption spectra of samples in colloidal form, b) Tauc plot 
calculated from (a) to determine the optical band gap energy. 
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 Photoluminescence (PL) emission was also collected to observe the donor-
acceptor-pair (DAP) emission and presented in Figure 3.4. In γ-Ga2O3, the donor is an 
oxygen vacancy and the acceptor is a gallium vacancy or gallium-oxygen vacancy.45,48,49 
The DAP emission is a result of donor (Ed) and acceptor (Ea) vacancy energies, band gap 
energy (Ebg), and the Coulombic interaction of the donor and acceptor (Ec). 23,48 
E=Ebg – (Ed + Ea) + Ec                                                                                                 ( 1 )    
 Since the band gap term (Ebg) does not change significantly across samples, only 
the Coulombic interaction (Ec) and the donor (Ed) and acceptor (Ea) energies would 
contribute to the DAP energy. The Coulombic interaction is dependent on the average 
separation distance between donor and acceptor pairs.49 The DAP emission peak of γ - 
 
Figure 3.4: (a,b) Photoluminescence emission spectra of powder Ga2-xInxO3 synthesized at 
200 °C and annealed in air at 400 °C with different In3+ doping concentration indicated on 
graph.  
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Ga2O3 is centered at 475 nm and red shifts with indium doping concentration toward 
the emission of In2O3. 48,49  The red shift in the peak is the evidence of doping In3+ into 
the γ-Ga2O3 lattice because of the modification of the electronic band structure.45 The 
shift in the PL emission to lower energies indicate an increase in average distance 
between the DAP and/or decrease in concentration of defects. The peaks are also broad 
indicating a distribution of donor and acceptor states and strong phonon coupling.23 
3.1.2: Lifetime 
 Time resolved PL data were also collected on annealed powder samples using 
the time correlated single photon counting (TCSPC) method measuring the slow (13us) 
and fast (200 ns) decay of the DAP recombination. A set of runs were done using a 13 μs 
measurement range to capture the total decay of the DAP emission and shown in Figure 
3.5 and would reflect the average separation distance between defects.50 The decay was 
fitted to the function; 
𝑭 𝒕 =  𝑨 +  [𝑩𝒊 𝐞𝐱𝐩  −
𝒕
𝝉𝒊
 ]                                                                                  ( 2 )  
Where τi is the lifetime value and Bi is the relative intensity.51 The average lifetime can 
be determined by using the following equation;51 
𝝉𝒂𝒗𝒈 =  𝑩𝒊𝝉𝒊                                                                                                            ( 3 )   
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 In Figure 3.5(a) there is a change in time resolved PL decay with In3+ doping. 
With high doping concentration at 15%, the slope of the decay curve becomes slightly 
steeper and therefore faster recombination time of the DAP. The average lifetime (LT) 
decreased from 0.43 ± 0.01 μs to 0.41 ± 0.02 μs for 0% and 15% respectively. This is an 
indicator that there is a small increase in defect concentration with high doping 
concentration. However, when this decay curve was normalized to the points after the 
fast decay in Figure 3.5 (b), the slope of the decay does not vary with changing doping 
concentration. Therefore, the majority of the change in LT is derived from the beginning 
with the fast decay. 
 Since the first few points were omitted during fitting of the 13 μs decay process 
(slow regime), a 200 ns measurement range was also collected for all samples. This 
 
Figure 3.5: Time-resolved PL data of Ga2-xInxO3 synthesized at 200 °C and annealed at 
400 °C (a) full decay using a 13 us measurement range and fitted to equation 2 using a 
biexponential function. (b) Normalized after the fast decay from trace (a). 
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would ensure that the fast decay process was captured at a high resolution. The decay 
curves were fitted using equation 2 with a triexponential function and the average 
lifetime values were calculated using equation 3. The decay curves are presented in 
Figure 3.6, which demonstrate an overall decrease in the average lifetime with 
increasing In3+ doping concentration. The calculated lifetime decreased from 11.0 ± 0.3 
ns to 3.4 ± 0.4 ns after doping with 15% indium. Therefore, the decreasing average 
lifetime would indicate shorter electron or hole trapping time with increasing In3+ 
concentration. Longer average lifetimes may have the highest rate constant since it 
would be more effective at separating recombination, thus increasing interfacial charge 
transfer for photocatalysis compared to shorter average LTs. Therefore, the fast decay 
process may be a method to couple with photocatalysis to observe the defects.  
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3.1.3: Photocatalysis 
 Photocatalysis was performed for each catalyst exposed to 254 nm light and 
aqueous rhodamine-590 (Rh-590) dye as the model reactant. Figure 3.7 (a) presents a 
representative absorption spectra of the reactive species upon increased UV light 
exposure times with a catalyst. There is a drop in the dye concentration after 30 mins 
stirring in the dark (red trace) which shows adsorption of dye onto the surface of the 
catalyst. Control experiments demonstrate that after 30 mins adsorption-desorption 
equilibrium has been achieved (appendix, Figure A1). This point was determined to be 
the initial concentration (C0) for kinetic studies. Over time exposure to UV light, the dye 
 
Figure 3.6: Time resolved PL of Ga2-xInxO3 synthesized at 200 °C annealed at 400 °C 
collected by TCSPC method using a 200 ns measurement range. The decays are fitted to a 
triexponential function. 
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in solution is further degraded, and the peak maximum at 520 nm decreases in intensity. 
Majority of catalyst samples take 50-60 mins for total degradation of Rh-590. The rate 
constant was determined using the Langmuir-Hinshelwood model, which is a typical 
approximation used for semiconductor photocatalysis.6,7,14,15,33 This follows a pseudo 
first order model;  
ln
𝐶0
𝐶
= 𝑘𝑎𝑝𝑝 𝑡                                                                                                                  ( 4 ) 
where C0 the initial concentration, C is the concentration at time t, and kapp is the 
apparent rate constant.  
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 The apparent rate constant (kapp) can be determined from plotting ln(C0/C) on the 
y-axis, and the t on the x-axis and fitted to a linear trend. The slope of the linear fit 
would be the kapp. This model was only applied to the first few points where the trend 
remains linear and R2 would be ≥0.99. The Langmuir-Hinshelwood fits were presented 
in Figure 3.7 (b) which demonstrates the effect of In3+ doping concentration on the 
apparent rate constant. γ-Ga2O3 (black trace) has a high rate constant, and thus a steep 
slope. With addition of doping concentration, the slope becomes shallower, and the 
apparent rate constant drops. Control data were also collected to ensure that the 
 
Figure 3.7: (a) Absorption spectra decay of Rh-590 using Ga1.7In0.3O3(15% In3+)synthesized 
at 200 °C and annealed at 400 °C exposed to 254 nm light using 10 minute exposures per 
measurement. Black trace is the absorption of dye without catalyst, red trace if the 
absorption of dye after addition of catalyst with 30 minutes stirring in the dark. (b) 
Langmuir-Hinshelwood plot of degradation of Rh-590 using Ga2-xInxO3. The traces were 
fitted to equation 4. 
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degradation is a result of the UV light exposure to the catalyst (appendix, Figure A1). 
Control data include exposure of the dye to UV light without catalyst and catalyst with 
dye without UV exposure. Both control data showed no degradation of dye, therefore, 
any degradation of the dye is occurring through the UV-sensitized catalyst.  
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Figure 3.8:  (a) In3+ doping percentage dependence of the calculated apparent rate 
constant of Rh-590 degradation (black squares) and the calculated LT from time 
resolved PL using 200 ns measurement range (blue squares). (b) LT dependence of 
apparent rate constant from (a). Blue square represent γ-Ga2O3, while black squares 
represent Ga2-xInxO3.  
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 Figure 3.8 (a) plots the apparent rate constant and the average lifetimes against 
nominal percentage In3+ concentration. The apparent rate constant (black trace) shows a 
decrease in value with increase in indium doping concentration. Lifetime using a 200 ns 
measurement range (blue trace) also follows this trend, where an increase in indium 
concentration decreases the average lifetime. The fast decay time process observes the 
DAP recombination time; therefore, a higher doping concentration reduces the trapping 
time and DAP recombination would increase. Thus, DAP recombination would be in 
competition with photocatalysis at low LTs or high In3+ doping concentrations. This is 
further proved by plotting the relationship of the LT and apparent rate constant in 
Figure 3.8 (b). This relationship demonstrates a relative linear relationship between LT 
and the apparent rate constant. 
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 This material was able to successfully degrade Rh-590 dye in 60 mins for 6 cycles 
demonstrated in Figure 3.9 (a). Therefore, this is efficient as a catalyst and doping the 
material does not impact its stability. In addition, photocatalytic degradation of Rh-590 
was performed in the presence of a scavenger as a crude method to approximate the 
active species and its role during photocatalysis. Demonstrated in Figure 3.9 (b), all 
tested scavengers decrease the activity of the catalyst from pristine catalyst therefore 
electron, holes, hydroxyl radicals, and superoxide radicals take an active role in 
participating in photocatalytic degradation of rh-590. Furthermore, ascorbic acid acts as 
a superoxide radical scavenger which significantly impacted the photocatalytic activity 
and displaces the surface bound dye presented as a negative percentage.52,53 In addition, 
 
Figure 3.9: Degradation of Rh-590 using Ga1.7In0.3O3 (15% In3+) for (a) over 6 cycles (b) 
percentage degradation of Rh-590 in presence of various scavengers indicated on the 
graph. 
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in the presence of an electron scavenger, FeCl3, there is a slightly decrease in activity 
towards the degradation of Rh-590.54 Comparing the difference in impact between those 
two scavengers suggest that the role of the electron may primarily be the generation of 
radicals. Furthermore, isopropanol is a known hydroxyl radical scavenger and 
demonstrated that there is a significant inhibition of the photocatalytic activity.55 In 
addition, the introduction of methanol, a known hole scavenger, decreases the 
photocatalytic activity as well. 56–58 Therefore, majority of reactive species play an active 
role in the photocatalytic degradation of Rh-590 most notably the radicals and holes.  
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3.2: Zinc Doping 
3.2.1: Characterization 
 To further explore the impact of doping, γ-Ga2O3 was doped with Zn2+. Ga2-
xZnxO3  was synthesized using the colloidal method previously outlined. The XRD 
pattern of as synthesized and annealed samples shown in Figure 3.11 demonstrates that 
doped samples were successfully synthesized. The as synthesized Ga1.9Zn0.1O3 (5% Zn2+) 
in Figure 3.10 (a) (red trace) match well with bulk γ- Ga2O3 (orange ticks, JCPDS 20-
0426). Further Zn2+ doping of the as synthesized samples does not show a significant 
change in majority of the peak intensity or position. However, some peaks, such as at 35 
degrees, has a slight increase in intensity with increased doping concentration which 
may indicate a preferential growth direction with a dopant present during synthesis. 
 
Figure 3.10: XRD patterns of Ga2-xZnxO3 (a) as synthesized at 200 °C (b) annealed at 
400 °C. Yellow coloured ticks are ZnO (JCPDS 36-1451), purple coloured ticks are 
ZnGa2O4 (JCPDS 38-1240), orange coloured ticks are γ-Ga2O3 (JCPDS 20-0426). 
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After annealing the samples at 400 °C shown in Figure 3.10 (b), the peak intensity 
increases and narrows with increased doping concentration. This may indicate that 
annealing has increased the size of the particles or increased crystallinity with higher 
doping concentrations. Similar to In3+, incorporation of Zn2+ into the host lattice would 
add strain the structure since Zn2+ (0.074 nm) has a slightly larger ionic radius than Ga3+ 
(0.062 nm).46 A peak shift at 65 degrees to lower angles was noted at 25% zinc doping 
concentration relative to bulk γ-Ga2O3. This shift may be attributed to formation of 
ZnGa2O4 (purple coloured ticks, JCPDS 38-1240) or the strain from incorporation of Zn2+ 
into the lattice. ZnGa2O4 also has a spinel crystal structure and highly stable, thus it 
seems likely that there may be some ZnGa2O4 formation occurring.59–61 However the 
peaks for bulk ZnGa2O4 are very close to bulk γ-Ga2O3 thus making it hard to determine 
when this formation occurs. Furthermore, there are no peaks that match those of bulk 
ZnO (yellow coloured ticks, JCPDS 36-1451); therefore there are no formation of ZnO 
regardless of the concentration of Zn2+. Therefore, there could either be a co-formation 
of the ZnGa2O4 and γ -Ga2O3 to form a junction or conversion of γ-Ga2O3 to ZnGa2O4. 
Thus, 25% Zn2+ doped sample was omitted since this concentration is close to the 
stoicheometric ratio to form ZnGa2O4. 
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 UV-Vis absorption data was collected and the optical band gap can be calculated 
which are shown in Figure 3.11. The absorption spectrum in Figure 3.11(a) displays 
little change in absorption with increasing Zn2+ doping concentration. As a result, the 
band gap energy would also remain consistent with addition of zinc doping 
concentration since the difference is ~0.03 eV which is marginal. Furthermore, this 
material would have similar absorption efficiency of the 254 nm light with various 
doping concentrations since the absorption band does not change significantly.  
 
Figure 3.11: Ga2-xZnxO3 synthesized at 200 °C and dispersed in hexane for (a) UV-Vis 
absorption spectra (b) Tauc plot calculated from (a). 
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 The final doping concentration of Ga2-xZnxO3 was determined using EDX. The 
final concentrations are presented in Table 2. 4.2 ± 0.2% and 11.3 ± 3.3% are the final 
doping concentrations for 5% and 15% respectively.  The final doping concentrations 
are close to that of starting. Therefore, doping Zn2+ using a colloidal synthesis method 
was efficient as the final concentrations are close to that of starting concentrations.  
 Specific surface area of the particles was determined using BET and displayed in 
Table 2. The surface areas between the different Zn2+ doping concentrations are 
significantly different and do not follow a clear trend. This may impact photocatalysis 
since surface area signifies available binding sites. If surface area was a significant factor 
in effecting photocatalysis then 15% Zn2+ doping concentration would have the highest 
rate constant since it has the highest surface area. However, this would be proven not to 
be the case during photocatalytic studies. Therefore, surface area would not be the sole  
factor in impacting photocatalysis. 
Table 2: Summary table of Ga2-xZnxO3 synthesized at 200 °C and annealed at 400 °C for 
final concentration of Zn3+ determined from EDX and specific surface area from BET. 
Nominal doping  
percentage (%) 
Final Percentage Zn2+ 
(%) 
Specific surface area 
(m2/g) 
0 X 228.5 
5 4.2 ± 0.2 145.2 
15 11.3 ± 3.3 319.8 
 
44 
 
 
 The band structure of the samples were observed using PL emission and time-
resolved PL. PL data was collected for all samples to determine the recombination of 
electron and holes previously described, often from the DAP recombination. The 
spectrum for powder samples are displayed in Figure 3.12 which shows broad emission 
peaks indicating strong phonon coupling and/or a broad distribution of donor and 
acceptor states. As previously discussed, the PL emission is derived from the 
Coulombic interaction, donor and acceptor energies, and the band gap energy 
formulated in equation 1. Between the different doping concentrations, powder PL 
emission demonstrates a 9 nm increase in the peak wavelength when doping from 5% 
to 15%. Furthermore, the red shift for the PL emission indicates that there is a shift to 
 
 
Figure 3.12: (a,b) Photoluminescence emission spectra of different concentrations of Ga2-
xZnxO3 synthesized at 200 °C and annealed in air at 400 °C. Doping concentrations are 
indicated on graph. 
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lower energies, therefore there is an increase in DAP distance and/or a decrease in 
defect concentration based off equation 1 shown previously. Since there is not a 
significant change in the band gap, this PL peak shift is most likely derived from a 
decrease in defect concentration.  
3.2.2: Lifetime 
 
 Time resolved PL data were collected by TCSPC for each sample to determine 
the lifetime of the electron and hole recombination. Similar to indium doped samples, 
full decay (13 μs) of the DAP recombination were collected and presented in Figure 3.13. 
First, the slow decay curves initially indicate that there is an increase in average lifetime 
 
  Figure 3.13: Time resolved PL using a 13 μs measurement range of Ga2-xZnxO3 
synthesized at 200 °C and annealed at 400 °C (a) full decay fitted to equation 2 using a 
biexponential function after 4 points (b) normalized to only the fitted portion of (a). 
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with addition of zinc doping concentration as shown in Figure 3.13 (a). This indicates 
that there is a decrease in DAP recombination and therefore a decrease in defect 
concentration. The calculated LT increased from 0.43 ± 0.01 μs to 0.45 ± 0.02 μs after 15% 
Zn2+ doping.  However, when the plots were normalized to the points after the fast 
decay, Figure 3.13(b) demonstrates that the slope of the decay does not change between 
different samples. Therefore, similar to indium doped samples, majority of the change 
in LT is derived from the beginning with the fast decay. Therefore, further proof that 
measuring the fast decay at the beginning may be more effective at determining charge 
separation efficiency.  
 
 
Figure 3.14: Time resolved PL using a 200 ns measurement range of Ga2-xZnxO3 
synthesized at 200 °C and annealed at 400 °C. 
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 Following, fast decay of the lifetime was collected for each sample and presented 
in Figure 3.14. The curves are fitted to a triexponential function equation 2 to obtain Bi 
and τi variables. The average lifetime is calculated from equation 3 using the variables 
determined from the fit in equation 2. The fast regime decay curves in Figure 3.14 (a) 
show an increase in average lifetime with 15% Zn2+ doping concentration from 11.0 ± 0.3 
ns to 15.1 ± 0.4 ns . This is the opposite trend that is seen with indium doping. The 
average LT would determine the trapping time of electrons and holes on the DAP or the 
DAP recombination time. Therefore, higher Zn2+ doping concentration would mitigate 
DAP recombination and increase photocatalysis because of a higher probability for 
interfacial charge transfer or charge carrier trapping by surface species.  
48 
 
3.2.3: Photocatalysis 
 
 Photocatalytic degradation of aqueous Rh-590 was conducted on all catalyst in 
triplicate using a 254 nm light. Figure 3.15 (a) presents a typical absorption spectra of 
degradation of Rh-590 in the presence of a catalyst that one may expect to observe. 
These sets of data are fitted to the Langmuir-Hinshelwood model, equation 4, 
previously outlined to determine the rate constant as shown in Figure 3.15(b).  
 
 Figure 3.15: (a) Absorption spec of decay of Rh-590 for Ga1.7Zn0.3O3  (15%zinc) 
synthesized at 200 °C and annealed at 400 °C, with 10 minute exposure increments to UV 
per measurement. Black trace is the absorption of dye without catalyst, red trace is after 
addition of catalyst with 30 minutes of stirring in the dark. (b) Langmuir-Hinshelwood 
plot of degradation of Rh-590 using Ga2-xZnxO3. 
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Figure 3.16: a) Zn2+ doping percentage dependence of the calculated apparent rate constant 
of Rh-590 degradation (black squares) and the calculated LT from time resolved PL using 
200 ns measurement range (blue squares). (b) LT dependence of apparent rate constant 
from (a).  
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 The calculated rate constants of the photocatalytic data for Ga2-xZnxO3 are 
presented in Figure 3.16(a) to determine the relationship between doping concentration 
and the rate constant (black trace) as well as the lifetime (blue trace). Majority of these 
samples take 50-60 mins to completely degrade Rh-590. With increased doping 
concentration, there is an increase in apparent rate constant for photocatalysis up to a 
maximum. This trend correlates with the average lifetime of the fast decay regime 
where an increase in LT increases photocatalysis due to increase in probability for 
interfacial charge transfer. Therefore, it is likely that observing a fast LT can help 
determine relative efficiency of photocatalysis. However, the rate constant does not 
significantly increase at 15% where the LT is significantly increased. This may indicate 
that DAP recombination is no longer in competition with photocatalysis. This is further 
proven when observing the relationship between lifetime and apparent rate constant in 
Figure 3.16(b). The rate constants are fairly similar despite the differing lifetimes.  
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Chapter 4.0: Conclusion and Future work 
4.1: Conclusion 
 Ga2-xMxO3 (M=In3+ or Zn2+) was successfully synthesized using the colloidal 
synthesis method. The nanoparticles would adopt the defect spinel structure of γ- 
Ga2O3. Different dopant ions would manipulate the host lattice in different ways. 
Collectively, the specific surface area from BET measurements did not change 
consistently with doping concentration however it was noted that specific surface area 
seems to coincide better with LT rather than kapp. This may indicate that the defects are 
located primarily in the vicinity of the surface, and are more readily expelled with 
annealing in the process of preparing the catalyst.48 However, the crystal structure may 
behave differently depending on the size and charge of the dopant after annealing. For 
instance, doping with In3+, a significantly larger ion compared to Ga3+, adds strain to the 
crystal structure resulting in a decrease in XRD peak intensity with an increase in 
dopants. However Zn2+ is slightly larger than Ga3+ and does not modify the crystal 
structure significantly based off of XRD data. The XRD diffraction patterns remain 
relatively consistent with addition of Zn2+ dopant however there was an increase in 
crystallinity after annealing.  However, ZnGa2O4 was formed at high doping 
concentrations due to the increased stability of the spinel crystal structure compared to 
γ- Ga2O3.  
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 Moreover, the absorption and by extension the optical band gap is modified with 
dopants. The band gap shrinks with addition of In3+ however; there is little change to 
the band gap with addition of Zn2+. On the other hand, the change in band gap for In3+ 
doped samples was considered negligible since the change was minimal. In addition, 
the photoluminescence emission would red shift with increasing doping concentrations 
regardless of the dopant ion. However, the magnitude of the shift would be impacted. 
In3+ doped samples has a ca. 24 nm shift while Zn2+ doped samples has a ca. 9 nm shift 
from γ- Ga2O3 to Ga1.7M0.3O3 (M=In3+ or Zn2+). Since the band gap does not change 
significantly, the shift in PL emission was most likely derived from the increase in DAP 
distance or decrease in defect concentration.  
 Furthermore, the lifetime of the samples were impacted differently with 
dissimilar dopant ions. Measuring the total LT decay at 13 μs, Ga2-xIn xO3 generally 
decreased the LT while Ga2-xZnxO3 increased the LT with increasing doping 
concentration. However, the total LT decay at 13 μs does not give sufficient resolution 
to determine the changes with the defect concentration or DAP recombination. Majority 
of the changes in lifetime occur at the beginning of the decay. Therefore, measuring the 
initial fast decay at 200 ns would provide more information on the DAP recombination 
relative to the photocatalytic activity.  
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 Different dopant ions would increase or decrease the average fast lifetime regime. 
For instance, indium decreases LT to 3.4 ± 0.4 ns from 11.0 ± 0.3 ns with increasing 
doping concentration while zinc increases LT to 15.1 ± 0.4 ns with increasing doping 
concentration. This can be a method to tune the LT and thus manipulate the DAP 
trapping time. There is also an impact on the photocatalysis, where there is a positive 
correlation between the LT and the apparent rate constant as shown in Figure 3.17. 
However, photocatalysis was not impacted significantly at extremely high LT values 
beyond ca. 8 ns where a plateau is present. The plateau may indicate that there was a 
maximum LT threshold for DAP recombination to impact photocatalysis. Therefore, if 
the LT were below 8 ns then the DAP recombination would be a significant competitor 
to photocatalysis. This may indicate that one of the processes during photocatalysis, 
such as charge transfer to reactive species, would take ca. 8 ns to occur since LTs below 
that value severely impact photocatalysis. Therefore, further prolonging DAP trapping 
time beyond 8 ns would not significantly impact photocatalysis as there may be other 
factors that may affect this reaction.  
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 These differences in LT between different dopant ions may be attributed to 
occupying different coordination sites in the host lattice. γ- Ga2O3 has both octahedral 
and tetrahedral coordination sites; therefore, the dopant ion is able to occupy either of 
those sites. Zn2+ would preferentially occupy the tetrahedral coordination sites while 
In3+ would prefer octahedral coordination sites. Thus, the difference in the electronic 
band structure for different dopant ions may originate from occupation of different 
coordination sites.  
 
Figure 3.17: LT dependence of apparent rate constant for Ga2-xMxO3 (M=In3+ or Zn2+). LT 
calculated from the 200 ns time resolved PL spectra. The apparent rate constant is 
calculated from the degradation of Rh-590 using a Langmuir-Hinshelwood plot. Blue 
point represents γ-Ga2O3.  Black points represent Ga2-xInxO3. Red points represent Ga2-
xZnxO3. 
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 In conclusion, doping semiconductors can be a method to tune the defects, and 
be able to manipulate the photocatalysis. The DAP recombination from defects can be 
monitored using LT calculated from the TCSPC method for time resolved PL. There is a 
positive correlation between the LT and the apparent rate constant for photocatalysis up 
to a plateau where the DAP recombination would not be a significant factor.  
4.2: Future Work 
 Given that there is evidence of different dopants ions manipulating defects 
differently, however what remains to be unknown is why. One such direction is to 
explore how different preferential coordinations of the dopant ion may contribute to the 
electronic band structure and the apparent rate constant for photocatalysis. Since 
gallium oxide contains both octahedral and tetrahedral sites, either can be occupied by 
the dopant ion. For instance, Co2+ would preferentially occupy the tetrahedral 
coordination site similar to Zn2+ while Ni2+ would preferentially occupy the octahedral 
coordination site similar to indium. The ionic radii of Co2+ and Ni2+ are both 0.07 nm 
which is slightly larger than that of Ga3+ at 0.062nm.46,47 As a result, the strain added to 
the lattice would be consistent between the two dopant ions. Currently, there is 
evidence that indium occupies the octahedral coordination in the γ-Ga2O3 lattice using 
X-ray absorption spectroscopy (XAS).45 Therefore, XAS data would be collected to verify 
this hypothesis. If there are consistent correlations between the coordination of the 
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dopant ion and the activity then this may be another method to tune similar materials 
for different applications.   
 Another set of experiments to be done would be observing the impact of 
different synthesis and/or annealing environments on defects and consequently, 
photocatalysis. Currently, the colloidal synthesis process undergoes an inert 
atmosphere in argon, and the collected product is annealed in air.  However, if the 
sample were to be annealed in argon, there should be more oxygen vacancies when 
annealed in argon compared to annealing in air and thus increase photocatalysis.62 A 
reducing environment such as hydrogen may also be included in the series of annealing 
experiments to further induce defects. The synthesis environment may be modified to 
increase or decrease vacancies. This can be done by addition of hydrogen during 
synthesis for a reducing environment to increase vacancies, or oxygen as an oxidizing 
environment to reduce vacancies. A previous study by Wang et al (2011) demonstrated 
that PL intensities was greater when in a reducing environment versus an oxidizing 
environment.49 Therefore, this may be an interesting area to modify vacancies and 
determine the impact on photocatalysis.  
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Appendix 
 
Figure A1: Relative degradation of Rh-590 for control experiments. Green diamond show dye 
exposed to UV without a catalyst present. Blue triangles represent dye in presence of catalyst 
(15%In) with no UV exposure. Red circles and pink triangle on the graph are representative 
samples with catalyst, dye, and UV exposure. Dashed grey line represent when the catalyst 
has been added for those experiments that require a catalyst.  
Table A1: Summary for Ga2-xInxO3 synthesized at 300 °C 
Nominal Percentage 
Indium [%] 
Surface Area [m2/g] Kapp [min-1] 
 5 238.1 0.052 ± 0.009  
10 235.8 0.027 ± 0.014 
15 209.6 0.047 ± 0.004 
 
